Effect of strain rate on dynamic recrystallization (DRX) at triple junction (TJ) in a copper tricrystal was investigated in tension during hightemperature deformation at 873 K. DRX nucleation appeared preferentially at the TJ at around a strain about 2/3 of the peak strain and became easier with decreasing strain rate. The preferential DRX nucleation observed at TJ seemed to have close relationship with occurrence of grainboundary sliding (GBS). That is, easier occurrence of GBS at lower strain rate can cause more severe stress and deformation concentration at TJ, followed by operation of stimulated DRX nucleation at TJ. The effect of grain boundary misorientation composing the TJ on DRX nucleation at the TJ and its mechanism is also discussed in detail.
Introduction
Dynamic recrystallization (DRX) is one of the most important phenomena for thermo-mechanical processing to take place during high-temperature deformation. Many studies with regarding to DRX mechanisms have been carried out. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] It is revealed that DRX nucleation prefers places with high dislocation density and strain gradient. Humphreys and Hatherly have proposed the nucleation mechanism at particle/matrix interface by development of deformation zone.
1) The nucleation also prefers deformation band evolved in grain interior. [2] [3] [4] Preferential DRX nucleation at grain boundary has also been reported. [5] [6] [7] [8] [9] [10] Miura et al. have insisted the important role of grain-boundary sliding (GBS) on DRX nucleation at grain boundary that grainboundary bulging and its shear deformation by GBS lead to the formation of DRX grain. 9) Impediment of GBS by grain boundary steps formed by plastic deformation can trigger the grain-boundary bulging and the DRX nucleation. Recently, Miura et al. have reported from the experiments using copper tricrystals that triple junction (TJ) is one of the most preferential sites for DRX nucleation. 11, 12) They explained that the observed preferential DRX nucleation at the TJ was caused by impediment of GBS, which formed deformation and stress concentration at the TJ. Such preferential DRX nucleation at TJ was revealed to generally occur even in polycrystalline copper. 13) As the authors know, however, there is no study about the effect of strain rate on the preferential DRX nucleation at TJ.
The purpose of the present study is to investigate the effect of strain rate on DRX nucleation at TJ. Effects of grainboundary misorientation composing the TJ on DRX nucleation at the TJ are also investigated in detail.
Experimental Procedures
Copper tricrystal of 99.99% purity grown by Bridgman method using seed crystals was used for the present tests. Specimens for tensile tests with gage length 12 mm and cross section 4 Â 1 mm 2 were cut from the tricrystal by spark-cut machining. Figure 1 represents the schematic illustrations of crystallographical orientations of the tricrystal specimen tested. Here after, the grains and grain boundaries will be referred as G. Table 1 . Each sample surface was mirror finished by mechanical and electrolytic polishing and then, scratch lines were scribed on the surface to measure amount of GBS. The scratch lines were so narrow and shallow that didn't affect the GBS and DRX behavior.
Tensile tests at a temperature of 873 K and at some strain rates from 4:2 Â 10 À5 to 4:2 Â 10 À3 s À1 were carried out in vacuum on an Instron-type testing machine followed by hydrogen-gas quenching. Amount of GBS was measured from the offset of the scratch lines. The evolved microstructures were investigated using optical microscopy and orientation image microscopy (OIM). All the microstructural observations and analysis were performed on the plane normal.
Results and Discussion
Figure 2 summarizes true stress true strain (-") curves of the tricrystal tested at a temperature of 873 K and at some strain rates. At all strain rates, the flow curves exhibit linear work hardening after yielding. The peak stress and peak strain, where DRX extensively occurs, becomes lower with decreasing strain rate. This suggests that onset of DRX becomes easier and earlier as strain rate decreases. The authors showed that DRX nucleation at TJ appeared at strains much lower than the peak strains. 11, 12) Following their results, specimens were gas-queched for microstructural observations at much lower strains than the peak strains indicated by broken lines in Fig. 2 .
Amount of GBS of the each boundary at the points 1 mm apart from the TJ was measured by displacement of the scratch lines. A typical photograph of the displacement is exhibited in Fig. 3 and the results of the measured amount of GBS are summarized in Fig. 4 . When deformed at a strain rate of 4:2 Â 10 À5 s À1 ( Fig. 4(a) ), the amount of GBS rapidly increases with increasing strain at G.B.2, while both the amount of sliding of G.B.1 and G.B.3 are quite small. The much smaller amount of GBS of G.B.3 must be due to its hard-sliding nature, because such low angle boundary (or low S. Andiarwanto, H. Miura and T. Sakai energy boundary) can hardly slide. 14) The observed small GBS at the G.B.1, in spite of no applied shear stress, would be caused by sliding accommodation for plastic incompatibility of the G.II and G.III (see Table 1 ). When strain rate becomes lower, the amount of GBS of G.B.2 increases more rapidly (Fig. 4(b) ). That is, GBS becomes easier with decreasing strain rate. When GBS takes place, it will soon be suppressed at the TJ. Then, stress and deformation concentration at the TJ, especially in the G.III, which owns the largest Schmid factor, must be taken place to induce DRX nucleation. In fact, the displacement of the scratch lines on G.III shifted toward the TJ (see Fig. 3 ). From the above results, it would be expected that DRX nucleation is easier to occur with decreasing strain rate. The amount of GBS of G.B.2 looks to be saturated after about " ¼ 0:25 when deformed at strain rate of 4:2 Â 10 À5 s À1 . It is related to the appearance of severe serration in the -" curve (Fig. 2) , which suggests the occurrence of DRX.
Evolved microstructure on the surface of the tricrystal when deformed at a strain rate of 4:2 Â 10 À5 s À1 is shown in Fig. 5 . At " ¼ 0, the TJ is consisted of three straight grain boundaries (Fig. 5(a) ). By straining to " ¼ 0:18, slip lines concerning with the primary slip systems were evolved uniformly in all the grains (Fig. 5(b)) . Migration of the G.B.2 T.A. (Fig. 5(c) ). The G.B.3 and the TJ, however, did not migrate even at this strain. This would be supposed that only a low strain energy gradient around the G.B.3 was generated due to relatively good plastic compatibility between the G.I and the G.II (see Fig. 1 and Table 1 ). Dark area around the TJ in the G.III in Fig. 5(c) would be grain fold, which suggests stress and deformation concentration around the TJ induced by GBS. Some DRX grains appeared and grew around TJ and along G.B.2 at " ¼ 0:32 (Fig. 5(d) ). The feature of the evolved microstructure at the TJ strongly depended on the strain rate. The evolved microsubstructures at a strain of " ¼ 0:18 are exhibited in Fig. 6 . It is notable to see that white-colored area formed in G.III adjacent to the TJ becomes sharper with decreasing strain rate. This white-colored area corresponds to the grain fold shown in Fig. 5(c) . This area was identified as a DRX nucleus by OIM analysis, as will be shown later. No other DRX nucleus was observed on grain boundary or matrices at this strain.
The evolved microstructure around the TJ was analyzed using OIM. The OIM maps, shown in Fig. 7 , exhibit the nucleation process at the TJ when deformed at a strain rate of 4:2 Â 10 À3 s À1 . At " ¼ 0:18, there is no significant orientation change (Fig. 7(a) ). However, the grain-boundary serration occurred. At " ¼ 0:25, crystal distortion especially near the TJ in the G.III was formed (Fig. 7(b) ). Straining up to " ¼ 0:32, the evolved distortion area was separated from its parent grain of G.III by a high-angle boundary ( ¼ 17 ) (Fig. 7(c) ). We identify this as a DRX grain. This strain is about 2/3 of the peak strain (" p ¼ 0:48). The appeared new grain looks to be nucleated by grain fold during deformation. The disorientation in the G.III from point A to point B at " ¼ 0:25 was measured ( Fig. 7(d) ). The misorientation between subgrain and the G.III is about 4 . Orientation change, which should be formed by deformation concentration and recovery process, can be seen by rather orange image area near the TJ.
Effect of strain rate on DRX nucleation at TJ at a strain of " ¼ 0:18 was investigated and the result is shown in Fig. 8 . At a strain rate of 4:2 Â 10 À3 s À1 , the OIM map shows no crystallographical change excepting a small grain-boundary serration ( Fig. 8(a) ). In contrast, rather white-colored area is evolved at the TJ when deformed at a strain rate of 4:2 Â 10 À4 s À1 (Fig. 8(b) ). The disorientation of the corresponding area is shown in Fig. 8(d) . This figure reveals that the area is bounded by subboundary or low angle boundary ( ¼ 4 ). A new grain bordered by high-angle boundaries is developed when deformed at 4:2 Â 10 À5 s À1 (Fig. 8(c) ). This strain is also about 2/3 of the peak strain. The misorientation between the new DRX grain and its parent grain (G.III) was 18
. The newly evolved boundary planes were close to (1 0 0). It means that DRX nucleation process of the present tricrystal was evolved by grain fold and polygonization of dislocations along (1 0 0) plane in the G.III. The change in misorientation of the newly formed boundary depending on strain was summarized in Fig. 9 . The misorientation of the boundary increases monotonically with increasing strain. This result indicates that the DRX grain at the TJ was continuously formed by grain fold and its accommodation due to recovery process. From the results described above, it is revealed that DRX nucleation preferred at TJ at all strain rates. DRX nucleation at TJ is more stimulated with decreasing strain rate. This tendency is quite similar to that of the DRX behavior at grain boundary. 9) That is, the easier occurrence of GBS when deformed at lower strain rate provides stress and deformation concentration at the TJ more rapidly for DRX nucleation.
It has been believed that DRX started macroscopically at around the peak strain of -" curve. The preferential DRX nucleation at TJ appeared at strains less than 2/3 of the peak strains irrespective of strain rate in the present study. This strain is almost the same as that for microscopic nucleation of DRX previously reported.
11 - the critical strain of initial DRX nucleation from the inflection points at initial work-hardening stage of flow curves and reported as half of the peak strain. 15) The present results are in good accordance with their experimental and theoretical results.
It is known that metallic materials with low stacking fault energy (SFE) exhibit discontinuous DRX behavior accompanied by twinning. Wang et al. reported the importance of twinning for DRX.
16) The authors also reported that most of the nucleated grains at TJs in copper were twins. 11, 12) These twins seemed to be formed during GBM. The DRX behavior at TJs in the present copper tricrystal, however, exhibited somewhat continuous DRX behavior, which is frequently observed in the metallic materials with high SFE. In spite of importance of migration of TJs along folding for twinning, 11, 12) the TJs did not migrate in the present study. The occurrence of continuous DRX in copper was also reported by Belyakov et al. 17) They attributed the fine grain evolution during severe plastic deformation to the distortion and recovery, which caused occurrence of continuous DRX. We believe that the observed continuous DRX behavior at the TJ 
Conclusions
Strain-rate dependence of dynamic recrystallization (DRX) nucleation at triple junction was investigated in tension using copper tricrystal. The current results obtained are summarized as follows:
(1) DRX nucleation occurred preferentially at triple junction (TJ) at strains less than 2/3 of peak strain irrespective of strain rate. The nucleation became easier with decreasing strain rate. (2) Easier occurrence of grain-boundary sliding (GBS) at lower strain rate causes more intensive stress and deformation concentration at the TJ. The localized stress and deformation concentration stimulate DRX nucleation at the TJ. (3) Grain fold caused by GBS and recovery in the area adjacent to the TJ brought continuous DRX nucleation at the TJ.
